Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disease of the central nervous system (CNS) and is characterized by a progressive loss of neurons. 1, 2 The loss and death of dopaminergic neurons at the substantia nigra pars compacta (SNc) leads to symptoms such as resting tremor, bradykinesia, rigidity, and cognitive dysfunction. 1, 3 This decrease is associated with dopamine deficiency and is treated by two strategies. 2, 4 The first treatment is generally through dopamine replacement therapy (L-DOPA) 5 although these drugs cannot prevent the loss of dopaminergic neurons and provides a temporary decrease of symptoms, but long-term administration can lead to serious side effects, such as dyskinesia. 5, 6 The second treatment strategy consists of replacing damaged neurons via transplantation of dopamine neurons. 7, 8 Several types of stem cell, including embryonic mesencephalic progenitors, 9 neural stem cells (NSCs), 10 embryonic stem cells (ESC), 11 mesenchymal stem cells (MSCs), 12 pluripotent stem cells (iPSCs), 13 and hematopoietic stem cells have been transplanted into the brain with the goal of promoting the improvement of PD. 14 Among these cellular sources, adipose-derived stem cells (ADSC) are an accessible and autologous source for neural lineage in cell therapy. [15] [16] [17] ADSCs have multipotency, are capable of self-renewing, and can differentiate into types of mesenchymal lineage and transdifferentiate into neurons and glial-like cells. 18, 19 Research has shown transdifferentiated ADSCs into neuron-like cells with selectively expressed nestin and neuronal molecules. [18] [19] [20] Similar results have been reported in functional transdifferentiated ADSCs into motor neuron-like cells (MNLC). MNLC showed immunostaining of their processes with ChAT and synaptophysin and their potential for load and unload FM1-43 fluorochrome and synapsed with myotube cells. 21 Other research has confirmed the potential of ADSCs for differentiation to a Schwann cell phenotype. 22 Therefore, neuron-like cells derived from adult stem cells, such as ADSC, can be used to replace damaged cells in patients suffering from Alzheimer's disease, amyotrophic lateral sclerosis (ALS), Huntington's disease and Parkinson's disease. [23] [24] [25] Nanotechnologies and nanostructures are widely used in human medical applications, including imaging and delivery of gene or therapeutic drugs to tissues. 26, 27 The studies have shown that even the cell organelle distribution of drugs can be improved by drug-loaded nanoparticles. These nanoparticles enter tissues and are taken up by cell structure. [28] [29] [30] One nanoparticle is the Super Paramagnetic Iron Oxide Nanoparticle (SPION), which has been used as a nanomaterial for radiological diagnostic procedures invivo. 31, 32 In particular, a new role of these different forms of SPIONs may be in cell technology and expression of genes. 33 To reduce the accumulation of SPION in tissues, biopolymers are used to promote biocompatibility. Recent studies have shown that SPION used with poly-L-lysine hydrobromide (PLL) can aid in the transfecting of stem cells. 33, 34 Moreover, the results of the previous studies showed an increased migration and integration capacity of SPION labeled MSCs to the damaged region with an external magnetic field. 35, 36 The efficiency of cell migration in myocardial infarction rat models 37 and olfactoryinjured mouse models 38 increased about 6.4-fold and 3-fold, respectively, with an external magnet close to the injury site. Since migrating and transferring transplanted cells into the injured area is one of the most important issues reported in the process of cell therapy, the purposeful use of new methods for transferring and maintaining cells in the injured areas is of high clinical importance. The migration of transplanted cells into the injured area is raised as the homing phenomenon. In this study, it has been tried to establish cellular focus in the injured area by using magnetic absorption technique of iron nanoparticles and to study the viability of the transplanted cells in relation to the behavioral process.
The purpose of this study is the use of ADSCs for cell therapy in a rat model of PD to evaluate the neuroprotection and homing of superparamagnetic iron oxide nanoparticles (SPIONs) labeled ADSCs by magnetic attraction in PD.
Materials and Methods
Rat ADSC Isolation ADSC was harvested from male Sprague-Dawley rats (200--250 g) obtained from the animal house at the Razi Institute. The isolation of ADSC was done according to Darvishi et al. Briefly, perinephric and hypogastric fat was separated from rats and washed and then incubated and digested in 0.075% collagenase type I (Sigma Company) and DMEM with agitation (30 min at 37°C). This suspension was neutralized though 10% FBS into DMEM (GIBCOBRL, Eggenstein, Germany) and then filtered through a 100μm nylon filter (Falcon Company). After centrifuging for 10 mins at 1000 rpm, the plate of cells was cultured in a T25 flask containing DMEM, 10% FBS, 100 U/mL penicillin and 100μg streptomycin for 7 days at 37°C. After the fourth passage, the ADSCs were evaluated using primary antibodies against CD90, CD105, CD49d, and CD45. The multipotency of the ADSCs was examined using osteogenic, adipogenic and chondrogenic differentiation. 21 In addition, 500,000 cells were transferred to 6 well plates to study the differentiation ability of ADSC into neuron-like cells and cultured with 2 mL DMEM/F12 medium containing 2% B27, 20 ng/mL bFGF and 20 ng/mL EGF. After 7 days, neurospheres were formed and then cultured with 10% FBS and transferred to 12 well plates for confirmation of nerve markers. In order to perform immunocytochemical techniques, mouse anti-NF -68 monoclonal antibody, mouse anti-Nestin monoclonal antibody and mouse anti-sox2 monoclonal antibody, mouse anti-Neun monoclonal antibody were used as primary antibody and mouse anti-FITC-conjugated was used as secondary antibody all related to Millipore. At this stage, PI was used for staining the nucleus to differentiate the nucleus.
Preparation of SPION
SPION was synthesized according to Albukhaty et al. Briefly, 1.0 mL of 2M FeCl 2 and 4.0 mL 1M FeCl 3 were mixed in a 100 mL beaker under force shaking, and then 50mL of 1M NH 3 was added slowly in solution by the coprecipitation method. The precipitate was accomplished with tetramethyl ammonium hydroxide 25% with vigorous stirring for 3 mins to suspend the solids in the solution. The powder was weighed and dissolved with distilled deionized water using ultrasound for 5 mins. 39 
ADSC Labeled by SPION/PLL and Transfection with GFP
For the production of SPION/PLL complex, 1.5 µg /mL of PLL was mixed with 50 µg/mL of SPION and DMEM culture media on a rotating shaker at 600 rpm at 37 ºC for 1h. These cultured media were added to ADSCs in concentration with SPION and PLL at 25µg/mL and 0.75 µg / mL, respectively. After 24h, the complex culture media were removed and replaced by DMEM containing 10% FBS. Also, to track the transfection of GFP, ADSCs labeled SPION/PLL and ADSCs at passage 4 were transferred to 6-well plates and GFP was added and placed on a super magnetic plate for 35 mins. GFP expression was examined using fluorescent microscopy after 48 h. 39 
Surgical Procedures
Thirty-five adult male rats were divided into five groups (N=7). Group one: positive control (operation without 6-HD injection); group two: PD group (lesion in the medial forebrain bundle (MFB) with 6-HD injection); group three: PD/ADSC group (PD transplant with ADSCs transfected by GFP); group four: PD/ADSC/SPION (PD transplant with ADSCs labeled with SPION and transfected by GFP); group five: PD/ADSC/SPION/EM (PD transplant with ADSCs labeled with SPION and transfected by GFP induced with external magnet). The lesion in the medial forebrain bundle (MFB) was performed by injecting 6-HD solution (4µg 6-HD per µL in 0.01% ascorbic acid, pH = 5 (Sigma)) under anesthesia [ketamine and xylazine (80 mg/ kg and 10 mg/kg, respectively)] and aseptic conditions. The 6-HD was injected unilaterally into the right MFB at the following coordinates: AP: −4.0 mm; ML: ±1.5 mm; DV: −8.5 mm; tooth bar: ±0 mm relative to bregma by a Hamilton syringe connect to microinjection. 40 
Cell Transplantation
Two weeks after stereotaxic surgery and toxin injection, the animals were re-anesthetized as mentioned above, and the skull was re-exposed. The GFP-transfected ADSCs were collected using Accutase (Gibco) from cell culture plates. The transplantation of labeled cells was carried out using a 30-gauge needle and a microinjection pump (Stoelting Co.) at a rate of 25 µL/min. The transplants consisted of 300,000 cells/9µL normal saline at the regions of the treatment site (AP: −4.0 mm; ML: ±1.5 mm; DV: −8.5 mm). The animals in the PD/ADSC/SPION/EM group wore an external magnet (0.32 T) on their skull for 1 week. The histological evaluation took place 6 weeks after the transplantation of cells.
Apomorphine-Induced Rotation
This test was based on the method used by Moayeri et al in 2019. 41 In summary, 6-HD injection causes extensive neuronal destruction in the SNc. Two to 4 weeks after surgery, the mice showed opposite rotations in the opposite direction to apomorphine injection. The number of these rotations per time unit is a measure of neuronal destruction severity in the SNc and the effect of the intervention. To perform this test, the mice were first housed in a transparent plexiglass cylinder (28 cm diameter and 38 cm height) and given 5 mins to adapt to the environment. Then, apomorphine hydrochloride 0.5 mg/kg dissolved in saline was injected to the mice and 1 min later the number of rotations to the venom injection site (negative number) or against (positive number) was recorded for 1 hr. Finally, the number of pure rotations of the mice to one side was calculated by the algebraic sum of the numbers obtained. 41 
Prussian Blue Staining
ADSCs labeled with SPION/PLL complex were seeded on a gelatin-coated coverslip, washed in PBS and fixed in 4% paraformaldehyde in phosphate buffer solution for 15 min. The fixed cells were exposed three times with Prussian blue, then incubated with 5% potassium ferrocyanide (Merck, Germany) for 30 mins. Next, they were incubated in 5% HCL, washed with PBS, and counterstained with safranin stain (Merck, Germany). The evaluation of the intracellular iron oxide was done by a light microscope. 39 
Statistical Analysis
The ANOVA with Tukey's multiple comparison was used in reporting the results using SPSS 14. The significance was evaluated for P<0.05.
Ethics Statement
This study was carried out in accordance with the recommendations of International Council for Laboratory Animal Science (ICLAS) and was approved by the Ethical Committee of the Shefa Neuroscience Research Center. Figure 1A -C shows ADSC immunoreactivity to the following markers: mesenchymal stem cell (CD90: 90.73±1.7), fatderived mesenchymal stem cell (CD105: 87.4±2.9) and fat cell-specific (CD49d: 79.6±2.6, while Figure 1D shows negative immunostaining at the hematopoietic stem cell marker (CD45: 1.4±0.4). The expression of CD90, which was highest, is consistent with other markers (P≤0.05, Figure 2C and D)
Results

Rat ADSC Characterization
Moreover, separated ADSCs in the fourth passage are homogenous compared with the primary culture. Figure 2A and B show the osteogenic, chondrogenic and adipogenic differentiation of the ADSCs, respectively. The NS is shown in Figure 3A , whereas the characterization of the NSC derived from the NS (NSC marker) is showed in Figure 3B -E. They were immunoreactive to nestin, NF-160, Sox2 (differentiating neuronal markers) ( Figure 3B , C and D, respectively). As well Figure 1 Immunolabeling of adipose-derived stem cells (ADSC) with primary antibodies to CD90 (A), CD105 (B), CD49d (C), and CD45 (D), respectively; incubated with a secondary antibody conjugated with FITC (green) and nucleus counterstained with propidium iodide (red).
as they were negatively immunostained with Neun as differentiated neuron markers ( Figure 3E ).
SPIONs Characterization
The finding showed SPIONs were synthesized using coprecipitation of ferric and ferrous chloride. In previous studies, it has been demonstrated that the SPION was about 10 nm in diameter. Evaluation of ADSC after Prussian blue staining showed brown particles in the cytoplasm. The efficiency of label cells with SPION was about 96% of ADSC (Figure 4 ). Figure 5 shows the results of the number of rotations affected by the apomorphine injection. In the PD group, the number of rotations in the first, third, and sixth weeks after surgery and cell transplantation were 230.75±2.84, 225.75±3.65 and 222.25±4.2, respectively, so that there was no significant change in the number of rotations in these three tests. However, in the ADSC, ADSC/SPION and ADSC/SPION/ EM groups, the number of rotations decreased significantly from week 1 to week 6 ( Figure 5 ). The comparison between experimental groups at week 6 also showed a significant decrease in rotations in the ADSC/SPION/EM group compared to others (*** and *** show P< 0.05, P<0.01 and P<0.001, respectively). The highest number of GFP-positive cells was found in the ADSC/SPION/EM group, which was significantly different from the number found in the ADSC/SPION group (**P<0.01, Figure 6E ). As well as Figure 7 demonstrates the images of hematoxylin and eosin (H&E) staining of brain histological section for negative control group (without 
Apomorphine-Induced Rotation
Cell Transplantation
Discussion
Cellular transplantation for the treatment of chronic neurodegenerative diseases such as Alzheimer's, Huntington's, and Parkinson's has been the subject of several preclinical types of research over the past two decades. [23] [24] [25] These diseases are characterized by progressive loss and depletion of neurons in specific sites of the central nervous system where neural loss caused a lack of the release of neurotransmitters. However, the basic cell treatment in PD is to replace dopaminergic neurons in SN. 42 Recent studies have found that several cell types, including MSCs, 43 dopaminergic carotid body cells, and fat tissue, induce pluripotent stem cells (iPSCs) and ESCs [44] [45] [46] that have the potential to differentiate into dopaminergic neuron-like cells. However, the perfect cell sources for neurodegenerative therapy are accessible and abundant. In a previous study, we reported that ADSC could fully differentiate into functional motor-neuron-like cells (MNLC) and express MNLC-specific markers. 21 This cell source can also be used autologously to prevent graft rejection and tumorgenesis. In the present study, we used cells from rat ADSCs with the aforementioned abilities for allografts in unilaterally transplanted rats, 21, 47 with the addition of in vitro labeling of ADSC performed by SPION. Findings showed the ADSCs were immunoreactive to CD90, CD105, and CD49d and negatively immunostained to CD45 as a hematopoietic marker, which is consistent with the results of other studies. 21, 48 The evaluation of ADSC multipotency is also consistent with our previous research and has the same protocol and differentiated medium. Migration and integration of transplanted cells into the injured area is known as the homing phenomenon, which is one of the major issues in cell therapy. Cytokines such as CXCR4 induce the migration and homing of MSCs cells. 49 There are various techniques to promote stem cell homing. In a study, cell culture was performed in a set of cytokines that affected cell homing, and the findings showed an increase in cell homing in the injured brain region. 49 In another study, induction of the surface marker expression (CXCR4-SDF-) that affected cell migration and integration was reviewed and approved. 50 In this study, we used SPIONs nanoparticles for directing transplanted cells and homing them to the injury site. In recent years, a variety of nanoparticles have been identified that have been used in drug and gene transfer processes, including platinum, gadolinium-based nanoparticles, gold nanoparticles (AuNPs), iron oxide, cerium oxide nanoparticles, and nanodiamonds. 51, 52 Kaushik studied a synergistic effect of nanoparticles (AuNPs, MnNPs, and SPIONs) with wgx-50, effective on the inhibition of amyloid-beta 42 (Aβ-42) (Alzheimer's disease-initiating risk-enhancing protein) and the results showed the inhibitory effect of wgx-50-AuNP on Aβ-42 inhibition. 53 However, in another study by this scientist, he compared nanoparticles to SPIONs as suitable candidates for Aβ inhibition compared to four nanoparticles (AuNPs, MnNPs, cobalt and SPIONs) and stated that SPIONs were more efficient than AuNPs because of their energy bands to inhibit Aβ. 54 In a study of human neuroprogenitor cells (hNPCs) labeled with a superparamagnetic nanoparticle in traumatic brain injury (TBI), the presence of 0.6 tesla magnet increased homing and retention of cells in the injured area. These findings were in agreement with physiological findings. 55 In the present study, the use of SPIONs to label ADSC cells in the external magnet indicates a higher number of GFP-positive cells in the injured area, which is in agreement with the findings of other researchers. However, comparison among GOLD, SPIONs and CeO2 metal nanoparticles by Kaushik in 2018 showed that CeO2 nanoparticle interacted best with α-synuclein and could inhibit its production and could be used as a nanoparticle in Parkinson's disease. 56 On one hand, SPIONs nanoparticles with ROS production can lead to toxicity and affect mitochondrial function, thus affect cell death by the degradation of iron ions and their interaction with hydrogen peroxide. On the other hand, free iron by inducing ROS induces Glycogen synthase kinase 3 inhibitor, which leads to cell migration through the gap between endothelial cells in the injured area by triggering the signaling pathway Akt. In addition, Akt leads to insulin signaling and growth factors via the PI3-Kinase, involved in the process of carbohydrate and protein metabolism as well as transcription, which is effective in cell growth and proliferation. 57, 58 In a study, Huang showed that a superparamagnetic nanoparticle could promote the growth of human mesenchymal stem cell, by reducing intracellular H2O2 through peroxidase-like activity. Furthermore, the superparamagnetic nanoparticle also accelerates the progression of the cell cycle, which is controlled by free iron released from lysosomal degradation. 59 On the other hand, other studies have shown that superparamagnetic nanoparticles have non-cytotoxic effects at doses below 100 µg/mL. In this study, the findings showed that cells transfected with SPIONs acted similarly to viability, proliferation, and differentiation of ADSC cells and these findings are in agreement with the findings obtained by Ankamwar. 60, 61 A stable magnetite colloid prepared by true purification is done by magnetite separation in ultrapure water. This was the protocol used in our study and is in agreement with other studies. 39, 62 Albakhaty et al used this technique for in vitro labeling of neural stem cells. Stem cell labeling with magnetic nanoparticles was suggested for clinical applications (stem cell tracking). 39 In previous studies, transmission electron microscope data showed that the average size of a nanoparticle of SPION is 10nm, which seems to be enhanced by PLL and this coating due to an increase in zeta potential. However, evidence suggests that the transfection agent promotes the labeling of SPION to stem cells. Our results are consistent with Albakhaty et al, who showed 0.75 µg/ mL of PLL for labeling of NSC by SPION at 0.25 µg/mL is adequate. 39 This PLL and SPION concentration prevents the toxic effect on the viability of ADSCs. Findings from this protocol are consistent with the results of a former study that used the PLL transfection agent for enhancing efficient labeling. 39, 63 Thus, ADSC can be labeled for transplantation studies applied with the PLL transfection agent.
Several protocols have been used to promote the efficacy of cell homing. 64, 65 The in vivo mechanisms related to stem cell homing are poorly understood. Factors involved include cellular iron oxide concentration, saturation, and distribution as well as the external magnetic field. 66, 67 We found that rats wearing a magnet on their top of the skull for 2 weeks presented an increasing number of SPION-labeled ADSC transfected by GFP after transplantation in damage site in SN and this finding is consistent with the results of the behavioral test. Song et al reported that using an external magnetic field on the skull of a rat after stem cell intravenous injection to increasein the number of SPION-labeled stem cells homing. 68 Moreover, Yun et al showed that a magnetic field could increase SPION-labeled MSC homing. 38 In addition, MSCs labeled with nanoparticles under the influence of an external magnetic field demonstrated a difference in an olfactory-injury mouse model. 69 
Conclusion
One of the main advantages of ADSC transfection by SPION/PLL is the potential use of these cells in neurodegenerative cell therapy, as well as cell therapy of PD can be an option for improving the trend of treatment and quality of life for the patients, there are difficulties for homing of transplanted stem cells. External magnets can be used for the delivery and homing of stem cells in the target tissue.
